We investigated self-consistent spin-resolved local-field corrections in a spin-polarized electron gas. The local-field corrections, structure factors, and susceptibility functions form a self-consistent loop. Three different local-field corrections and structure factors each based on the Hartree-Fock structure factor, the Gori-Giorgi-Perdew pair correlation function, and self-consistent calculation are discussed. We find that the local-field corrections G ↑↓ (q) and G ↓↑ (q) describing anti-parallel spin correlations in the spin-polarized electron gas are finite, but different from each other, while in the Hartree-Fock approximation they vanish identically.
I. INTRODUCTION
With the advent of dilute magnetic semiconductors, the spin-polarized electron gas (SPEG) has become a popular subject of spintronics research [1, 2] . The SPEG can be realized in metals or semiconductors by applying a dc magnetic field to the sample or spontaneously due to carrier interactions [3] . In the SPEG, the correlation effect is an important and interesting problem. Hubbard suggested the local-field correction G H (q) in a many-body system as a convenient way of taking the correlation effects into account [4] . G H (q) improved the random-phase approximation, but had a defect in that the pair correlation function derived from G H (q) was negative in small ranges. Singwi, Tosi, Land, and Sjölander (STLS) overcame the short-range problem via a self-consistent method [5] . Thereafter, many researchers improved the STLS calculation by considering the compressibility sum rule [6] and quantum effects [7, 8] or by extending it to a low-dimensional system [9] . Most earlier investigations were limited to the case of equal numbers of electrons in two different spin states.
Previously, we calculated spin-resolved local-field corrections by employing the Perdew-Wang pair correlation function g P W (r) and studied various susceptibility functions of the SPEG under a weak electromagnetic disturbance [10] . We also discussed classical and quantum versions of the spin-resolved local-field corrections [11] . As an extension of our previous works, we exploit the quantum version of the spin-resolved local-field corrections of * E-mail: ksyi@pusan.ac.kr SPEG in a self-consistent way.
The SPEG formed by N ↑ and N ↓ electrons is usually characterized by two parameters, i.e., the dimensionless density parameter r s and the spin polarization ζ. We denote r s = (9π/4) 1/3 (a 0 q F0 ) −1 , where a 0 = 2 /me 2 is the Bohr radius and q F0 is the Fermi wave number in spin-unpolarized case, and
We extended the STLS formalism to the SPEG by solving the self-consistent equations of each spin-resolved expression of the local-field corrections, the structure factors, and the susceptibility functions. The local-field correction is derived from the equation of motion of the Wigner distribution function in the SPEG and is mediated with the susceptibility function via linear response theory. The spin-resolved structure factor is expressed as a function of the imaginary part of the susceptibility function via the fluctuation-dissipation theorem. We could obtain a converging local-field correction by iterating the self-consistency loop beginning with the HarteeFock (HF) structure factor as initial value. As a method of taking correlation effects into account, we show three different kinds of local-field corrections and structure factors for the SPEG, which are obtained, respectively, from the HF structure factors, the Gori-Giorgi-Perdew (GP) pair correlation functions [12] , and the self-consistent calculations. While the HF local-field corrections take only exchange correlation effects into account, the GP localfield corrections are in accord with the quantum Monte Carlo results, including Coulomb correlation effects and exchange effects. Our self-consistent calculation gives pair correlation function different from the GP ones.
II. SPIN-RESOLVED LOCAL-FIELD CORRECTIONS
When an external electromagnetic field disturbs an SPEG, the spin-resolved local-field corrections G σσ (q, ω) can be derived from the quantum version of the equation of motion of a one-particle Wigner spin distribution function f (1) k,σ (q, t) [7] . The one-particle Wigner spin distribution function is defined by
where a † k,σ (t) and a k,σ (t) are creation and annihilation operators for an electron with momentum k and spin σ in the Heisenberg picture. The Hamiltonian of the SPEG under a weak external electromagnetic disturbance is
Here, H 0 is the Hamiltonian of the SPEG in the absence of the external disturbance:
where ε kσ = 2 k 2 /2m − γsgn(σ)B is the equilibrium energy of an electron with spin σ under a static magnetic field B, m is the mass of an electron, γ is the effective Bohr magneton, V is the volume of the system, and v(q) = 4πe 2 /q 2 is the Fourier transform of the Coulomb potential. ∆H ext (t) is the Hamiltonian of the SPEG due to the external disturbance:
where Φ ext σ (q, t) = −eφ(q, t) + γb z (q, t)sgn(σ) is the external disturbance composed of φ(q, t) the electric potential and b z (q, t) the magnetic field. The equation of motion of a one-particle Wigner spin distribution function can be written as [7] i ∂ ∂t
where the last term in Eq. (5) is related to a two-particle distribution function,
Now, we approximate the two-particle distribution function by using a product of two one-particle distribution functions and a pair correlation function:
Since the time-dependent pair correlation function g σσ (r, r , t) is not known, an equilibrium pair correlation function g σσ (r − r ) and its density derivative term are used as follows [6] :
Here, ∆n σ (r, t) is the local density fluctuation of electrons with spin σ at (r, t) due to the external disturbance (in this paper, ∆ means a deviation from equilibrium), n is the number density of electrons in equilibrium, and α = 1/2 is the parameter required to satisfy the compressibility sum rule [6] . Both the one-and two-particle distribution functions can be divided into their equilibrium parts and small deviations induced by the external disturbance: f
k,σ (r, t), where n k,σ is the occupation number for electrons with momentum k and spin σ, and f (2) k,σ;k ,σ (r, r , t) = f (2) k,σ;k ,σ (r − r ) + ∆f (2) k,σ;k ,σ (r, r , t). The local density fluctuation of electrons with spin σ can be written, in terms of ∆f
k,σ (q, t). The spin-resolved pair correlation function g σσ (r) is the Fourier transform of the structure factor S σσ (q) [13] :
Then, the induced density is obtained as follows:
where χ
σσ (q, ω) is the free-particle response function and
Here,
In the actual calculation, n k,σ was replaced by noninteracting electron density n
σσ (q, q, ω), and C α,ζ
is an operator. Within the linear response region, taking the local-field correction into account, the induced spin densities are given by [13, 14] 
Therefore, comparing Eqs. (10) and (13), the spin-resolved local-field correction is
III. LINEAR RESPONSE THEORY AND SPIN-RESOLVED STRUCTURE FACTOR
From the quantum Liouville equation, the equation of motion of the nonequilibrium density matrix ρ(t) = ρ 0 + ∆ρ(t) is written, to linear order in the disturbance, as
The solution of Eq. (15) is given by [15] ∆ρ(t) = 1 i 
where σ denotes the opposite spin state to spin σ. The imaginary part of the response function is defined, from Eq. (17), by
We consider the case that the SPEG is homogeneous and isotropic. Since we take the average in equilibrium in Eq. (18), the response function does not depend on the origin of time. Hence, taking the Fourier transform of Eq. (17), we can write the induced densities as
. (19) Now let us inspect the fluctuation-dissipation theorem in the spin-resolved case. The density-density correlation function G σσ (r, t; r , 0) is written as [17] G σσ (r, t; r , 0) = n σ (r, t)n σ (r , 0)
and the response function defined in Eq. (18) is connected to the first term of Eq. (20) as follows [15, 18] :
Thus, the Fourier transform of Eq. (21) gives the spinresolved structure factors [15] 
where β = 1/k B T . Here k B is the Boltzmann constant, and T is the absolute temperature. At zero temperature, the static structure factor is simply [18, 19] 
In obtaining above expression, we use the fact that S σσ (q, ω) = 0 when ω < 0. Eqs. (22) and (23) SPEG and show the spin-resolved fluctuation-dissipation theorem. We can also express the response functions from Eqs. (13) and (19) as a function of the local-field corrections; that is [13] ,
where
Eqs. (14), (23), and (24) form a self-consistent loop. By iterating Eqs. (14), (23), and (24) with some initial values of S σσ (q), G σσ (q, ω), or χ σσ (q, ω), we can evaluate the self-consistent values of S σσ (q), G σσ (q, ω), or χ σσ (q, ω) for an SPEG with arbitrary spin polarization.
IV. RESULTS AND DISCUSSION
The spin-resolved local-field corrections given by Eq. (14) are dynamical quantities. In this work, we limited our concern to static values G σσ (q), and the ω-dependence of other quantities, such as χ σσ (q, ω), are kept. Figure 1 shows three cases of the local-field corrections and structure factors for r s = 3.0 and ζ = 0.5. HF indicates the results in the Hartree-Fock calculation. GP is the results obtained using the pair correlation functions of Gori-Giorgi and Perdew. The HF local-field corrections are obtained using applying the HF structure factors in Eq. (14) , and the GP local-field corrections are calculated by inserting the GP pair correlation function in Eqs. (9) and (14) . The HF structure factors are well known analytically, and the GP structure factors are the Fourier transform of the GP pair correlation functions as shown in Eq. (9). The peak positions in the static spin-resolved local-field corrections are similar, irrespective of the approximation method, and the variations of the self-consistent local-field corrections are more conspicuous in the peak structures when comparing two parallel spin cases G ↑↑ (q) and G ↓↓ (q). The localfield corrections G ↑↓ (q) and G ↓↑ (q) for anti-parallel spin electrons describe the finite Coulomb correlation effects and can be finite and unequal only for an SPEG with a finite spin polarization. In contrast to the features of the local-field corrections, the anti-parallel spin cases of the GP and the self-consistent structure factor S ↑↓ (q) and S ↓↑ (q) are identical (in the GP) or very close to (in the self-consistent method) to each other. Therefore, we conjecture that the difference between G ↑↓ (q) and G ↓↑ (q) comes from both χ σσ (q, ω) in Eq. (14) . It should be very interesting and quite possible to test our self-consistent local-field corrections and structure factors of the SPEG in measurements of the optical or transport properties of spin-polarized structures, such as dilute magnetic semiconductors.
